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Abstract

The integration of Artificial Intelligence (Al) into dairy production medicine offers transformative opportunities for herd
health management, early disease detection, and nutritional optimization. This study focuses on the use of the milk fat-
to-protein ratio as a key indicator of the nutritional status of dairy cows. By analyzing individual milk composition data,
Al 'models can identify deviations from optimal values, revealing dietary imbalances such as over - or under - consumption
of concentrates, insufficient structural fiber, or excessive fiber intake. In our study, 235 dairy cows were monitored across
two testing periods, generating a total of 470 observations. During the first control, the distribution was dominated by
Optimal animals (n=157), with fewer in the Below I.1 category (n=83) and very few Above 1.5 (n=6). In the second
control, the Below 1.1 group increased (n=105), while Optimal declined (n=134); the Above 1.5 group remained small
and stable (n=7). Based on these insights, the Al system can provide automated recommendations for adjusting feed
rations or regrouping animals according to their milk production performance. Al technologies enable dairy farmers and
researchers to process large datasets with unprecedented precision, enhancing decision-making in feeding strategies,
disease management, and genetic selection. The adoption of Al not only improves productivity and operational efficiency
but also supports sustainable farming practices by optimizing resource use and reducing environmental impact. hese
applications highlight AI’s capacity to power integrated e-extension solutions that improve animal health, boost
production efficiency, and promote the long-term sustainability of dairy farming systems.
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private contracts with the University. Surveys show
that while there are significant opportunities for
extension providers to develop services in areas
where farmers actively seek guidance, many
needs—especially among private farms—remain
unmet (Hutu, 2004; Roumanian-American
Foundation).

Modern dairy production faces growing
challenges in productivity, animal health
management, nutrition optimization, and metabolic
disease prevention. In this context, digital
technologies and Artificial Intelligence (Al) offer
promising solutions to enhance both farm
performance and animal welfare. Al-powered e-
extension platforms can analyze large volumes of
herd data, converting raw information into practical,
tailored recommendations for farmers and
veterinarians (_Hassoun et al., 2023;_Tadele et al.,
2025; Priyashantha, 2025).

Internationally, extension systems have a
long-standing role in turning research into practical
solutions for farmers and communities. The
Cooperative Extension System (CES) in the USA
(Bickell, 2024), for example, translates laboratory
discoveries into actionable tools that help farmers
improve crop production, support family and
community development, and foster leadership
skills among youth. While teaching and research
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important. In this context, integrating Artificial
Intelligence (Al) into e-extension offers both a
significant challenge and a valuable opportunity
(Cristovao et al., 2012; Cook et al., 2021).

This study examines Al-driven e-extension in
dairy production medicine, with a focus on
assessing cows’ nutritional and production status
via the milk fat-to-protein (F/P) ratio. The case

MATERIAL AND METHOD

Study Design and Scope. This study
represents a retrospective, pilot implementation of
Al-driven tools designed to enhance e-extension
services. The case farm was a university-affiliated
partner dairy farm housing 235 dual-purpose
lactating cows of Romanian Simmental and
Maramures Brown breeds. The study focused on
production medicine, with nutritional assessment
based on the milk fat-to-protein (F/P) ratio. Data
were collected through the Romanian Milk
Production Recording Program, which follows
International Committee for Animal Recording
(ICAR) standards, using the Test Interval Method
described by Liu et al. (2000). Milk composition
parameters, including fat and protein percentages,
were systematically recorded. Additional cow-level
variables collected included individual identification
numbers, Body Condition Score (BCS), lactation
stage, and parity. Measurements were taken at two
time points, with repeated data uploads every 28
days. This longitudinal monitoring approach allowed
assessment at both the individual and herd levels,
enabling analysis of temporal trends and integration
of the data into Al-driven analytical models for
informed decision-making.

The indicator for production medicine was
fat / protein ratio (F/P). The average values of milk
fat, protein, and the fat-to-protein (F/P) ratio vary
between dairy breeds due to differences in genetics,
physiology, and management practices. In dairy
nutrition, the optimal F/P ratio is generally
considered to be between 1.1 and 1.5. Ratios above
1.5 often indicate that cows are experiencing an
energy deficit, which may result from insufficient
concentrate intake, or conversely, from excessive
fiber in the diet that limits energy availability. Ratios
below 1.1, on the other hand, suggest a fiber
deficiency—particularly a lack of structural fiber—or
an excessive intake of energy-dense feeds (Vicek
et al., 2016; Cabezas-Garcia, et al., 2021;
Antanaitis et al., 2023).

For analytical purposes, the F/P ratio was
classified into three categories:

e Optimal (1.1-1.5): indicating a balanced diet
supporting healthy metabolism and milk production.

e Below 1.1: reflecting potential fiber deficits
and/or excessive energy intake.
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studies demonstrate how Al and related
technologies can convert individual and herd-level
data into actionable insights, improving production
efficiency and supporting the long-term
sustainability of dairy farms. Integrating Al into
production medicine provides a valuable
opportunity to develop advanced digital e-extension
systems that enable evidence-based decision-
making and proactive herd management.

o Above 1.5: reflecting potential energy deficits
and/or excessive fiber intake.

Systematic monitoring of these deviations
provides critical insights into herd nutritional status.
By identifying cows or groups at risk of dietary
imbalance, farmers and veterinarians can
implement timely adjustments in feeding strategies.
This proactive approach helps prevent metabolic
disorders, supports cow health, and maintains
optimal milk production efficiency.

Al-Assisted Analysis Development.
Statistical and analytical methods—including
logistic regression for risk factor identification,
classification algorithms for mastitis status, and
longitudinal transition analysis—were implemented
using the R programming environment. Claude Al
was employed as an intelligent assistant to support
code development and optimize analytical
approaches. Additionally, ChatGPT, an Al-powered
tool by OpenAl (https://openai.com/chatgpt), served
as a research assistant throughout the study,
providing guidance and clarification for performing
statistical analyses and creating data visualizations
in R.

Software and Computational Tools
All statistical analyses were conducted using R
version 4.3.0 within the RStudio integrated
development environment (Version 2023.06.1,
Posit Software, PBC). The data processing and
analysis workflow was optimized with Claude Al
(Anthropic, 2024), an artificial intelligence assistant
that supported code validation and optimization.

R Packages

e Data import: readxl v1.4.3 (Wickham and
Bryan, 2023)

e Data manipulation and transformation:
tidyverse v2.0.0 (Wickham et al., 2019), including
dplyr v1.1.3 for data wrangling and tidyr v1.3.0 for
reshaping (Wickham et al., 2023)

o Data visualization: ggplot2 v3.4.3 (Wickham
2016), with multi-plot arrangements using gridExtra
v2.3 (Auguie, 2017)

o Excel output generation: openxlsx v4.2.5
(Schauberger and Walker, 2023)

e Correlation matrix visualization: reshape2
v1.4.4 (Wickham, 2007).

This combination of software tools and R
packages enabled efficient data management,
analysis, and visualization throughout the study.
Data import and processing were performed
using readxl to read Excel files, and dplyr and tidyr
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for data cleaning and reshaping. Visualizations,
including threshold distributions and bar charts
showing within-cow evolution, were created with

ggplot2.
Results and outputs were saved using writex|

and base R functions to ensure transparency and
ease of sharing.

The workflow selected each cow’s two most
recent official controls, calculated the fat-to-protein
(F/P) ratio using defined clinical thresholds (1.1-1.5
optimal; >1.5 indicating energy deficit; <1.1
indicating fiber deficit), and summarized results for
further analysis. All steps were implemented in R
scripts to guarantee reproducibility and facilitate
integration into the manuscript.

RESULTS AND DISCUSSIONS

Results and discussions. Today, modern
technology allows Extension to disseminate
information faster than ever. Yet, the core of
Extension’s  success  remains  unchanged:
scientifically informed, reliable local agents who
understand their communities and have earned
farmers’ trust (NIFA). The economic impact of
extension is typically evaluated using econometric
models tailored to specific regions and time periods,
traditionally focusing on gains in farm production
efficiency (Birkhaeuser et al., 1991; Jones, 1986).
However, environmental sustainability and social
acceptance are increasingly recognized as critical
measures of overall program effectiveness. In dairy
production, these factors are closely linked to
production medicine and herd health, as
improvements in animal care and management not
only enhance productivity but also contribute to
sustainable and socially responsible farming
practices (Fisher et al., 2022; Zimek and
Baumgartner, 2024).

Production Medicine

Across the herd, most cows fell within the
optimal fat-to-protein (F/P) range of 1.1-1.5 at both
time points, though the newer control shows a shift
toward lower ratios. At the older control, the
majority were in the Optimal category (n = 157),
with fewer Below 1.1 (n = 83) and very few Above
1.5 (n = 6). In the newer control, the Below 1.1
group increased (n = 105) while the Optimal group
declined (n = 134); the Above 1.5 tail remained
small and stable (n = 7). Because F/P values >1.5
indicate energy deficit or fiber surplus, and values
<1.1 indicate fiber deficit or energy surplus, these
changes suggest a modest shift away from the
optimal zone, driven mainly by an increase in low
F/P values rather than high F/P outliers (figure 1).

The within-cow evolution in F/P between the
two successive controls showed a modest leftward
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drift, driven mainly by an expansion of low ratios
rather than growth in the high tail.

Distribution of cows by Fat/Protein ratio

=}
S

Ratio category

Below 1.1 (fiber deficit / energy surplus)
B optimal 1.1-1.5
. Above 1.5 (energy deficit / fiber surplus)

Number of cows
o
3

Old control New control
Control (old vs. new)

Figure 1. Distribution of cows by fat-to-protein ratio
at two successive controls.
Notes: The old control refers to the first milk recording, while the
new control represents the second milk recording, conducted 28
days after the first. Optimal range 1.1-1.5; values >1.5 indicate
energy deficit / fiber surplus; values <1.1 indicate fiber deficit /
energy surplus.

At the older control, ~157 cows were in the
optimal 1.1-1.5 range (63.8%), ~83 were below 1.1
(33.7%), and ~6 were above 1.5 (2.4%); at the
newer control, the Optimal group declined to ~134
(54.5%), Below 1.1 rose to ~105 (42.7%), and
Above 1.5 stayed small at ~7 (2.8%). The transition
patterns aligned with this picture: the largest group
recovered from problem values into the optimal
range, followed by cows that remained persistently
<1.1; a sizeable subset stayed healthy across both
controls, whereas a smaller fraction deteriorated
from optimal to problem values. Direct cross-overs
between extremes (<1.1—>1.5 or >1.5—<1.1) were
rare, indicating that most changes occurred between
Optimal and the low-ratio side rather than jumping
across both extremes.

Most cows either recovered to the optimal
fat-to-protein (F/P) range (1.1-1.5) or remained
stably low. The largest group improved from a
problem state to Optimal (“Recovered”), followed
by cows consistently below 1.1, reflecting a
persistent fiber deficit/energy surplus. A substantial
subgroup remained Optimal (“Remained healthy”),
indicating good metabolic stability in part of the
herd. Fewer cows deteriorated from Optimal to a
problem state (“Got worse”), suggesting an overall
net improvement. Direct transitions between
extremes (Above 1.5—Below 1.1) were rare,
showing that shifts generally occur between
Optimal and one side of the distribution rather than
across both extremes (figure 2).

Overall, these patterns indicate progress in
herd metabolic status but highlight a persistent
subset with F/P < 1.1, likely due to ration or feeding-
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behavior issues (excess fermentable energy and/or
insufficient effective fiber).

Evolution of cows between two successive controls
100

Evolution category
Above 1.5 — Below 1.1
Below 1.1 — Above 1.5
. Got worse (Optimal — Problem)
. Recovered (Problem — Optimal)
. Remained healthy (Optimal — Optimal)
. Stayed the same (Below 1.1)

75

Figure 2. Evolution of cows between two successive
controls based on F/P ratio categories.

Number of cows
o
3

N
13

Notes: The categories were defined as follows: Remained
healthy (Optimal — Optimal), Recovered (Problem — Optimal),
Got worse (Optimal — Problem), and Stayed the same
(consistently below 1.1 or consistently above 1.5).

Priorities should include targeted ration
adjustments  (fiber  quality/length,  feeding
consistency) and monitoring of the low-ratio group.
Maintaining the “Remained healthy” segment
suggests current management works for many cows,
while the smaller “Got worse” group merits
individual review (DIM changes, health events,
sorting, bunk access) to prevent further drift from
Optimal.

The pattern indicates a growing subset of
cows experiencing insufficient effective fiber
and/or excess rapidly fermentable energy, while
severe  energy-deficit cases remain rare.
Management should focus on improving fiber
quality/length, feeding consistency, and bunk
access for low-ratio cows, while continuing to
monitor and maintain animals within the optimal
F/P range.

From a production medicine perspective,
many cows either remain in or move into the
problematic F/P ranges (<1.1 or >1.5), reflecting
recurring nutritional imbalances and an increased
risk of subacute ruminal acidosis or other metabolic
disorders. Incorporating additional data, such as
body condition scoring and sensor-based
measurements of movement, rumination, and feed

intake, can further refine herd metabolic
assessments.
From an  extension  perspective—

emphasizing actionable guidance over academic
interpretation—these results highlight the value of
real-time monitoring and individualized dietary
recommendations. Adjustments should consider
lactation stage (fresh, high, mid, or late) and parity
(primiparous vs. multiparous) to ensure each group
receives appropriate nutrition. By integrating Al-
driven data analysis with digital extension
platforms, farmers and veterinarians can receive
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timely alerts on cows at risk, track metabolic trends,
and implement evidence-based interventions.

This approach supports proactive herd
management, helping to maintain optimal fat-to-
protein ratios, prevent metabolic disorders, and
enhance overall health and productivity.

E-Extension and Digital Extension
Platforms. Evidence-based production medicine
relies on proactive, data-driven strategies that
emphasize prevention. These strategies integrate
production, nutrition, environmental management,
record-keeping, and veterinary guidance to improve
performance and welfare. E-extension platforms
bridge research and on-farm practice, providing
real-time insights from sources like milk-control
Excel files. Automated data feeds from laboratories
into regional or national databases, combined with
Al analysis of nutrition (F/P ratio), health (SCC),
and production metrics, can generate actionable
reports at the herd, farm, or individual level. These
platforms also offer alerts, decision-support tools,
and educational modules to guide -effective
interventions  (McFadden et al, 2023;
Papakonstantinou et al., 2024, FAO)

A commonly used approach for assessing the
economic impact of extension involves econometric
models that analyze farm-level data on specific
extension activities, such as on-farm training,
nutritional consultations, or herd health monitoring.
These models allow researchers to quantify the
direct and indirect effects of extension interventions
on productivity, costs, and efficiency. Alternatively,
statistical analyses can examine aggregated
extension services delivered at the regional level
over defined periods, providing insights into
broader trends and population-level impacts
(Birkhaeuser et al., 1991).

The benefits of extension are typically
reflected in measurable improvements in milk
production efficiency (Jones, 1986), as well as in
enhanced environmental sustainability through
better nutrient management, reduced waste, and
more effective nutrient cycling. Social acceptance
of dairy products, including milk safety and public
trust in farming practices, is another important
outcome, as extension helps align farm practices
with  regulatory standards and consumer
expectations.

Furthermore, there is a growing emphasis on
participatory and co-design approaches within
extension services, which involve farmers directly
in the development and adaptation of interventions
to better match local conditions and challenges
(Cerfetal., 2012). Such approaches are increasingly
relevant for both conventional and ecological dairy
systems, where balancing productivity,
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environmental stewardship, and animal welfare
requires context-specific solutions (Duval et al.,
2016).

Overall, integrating rigorous evaluation
methods with participatory design can strengthen
the effectiveness, adoption, and sustainability of
agricultural extension services.

CONCLUSIONS
Extension services are pivotal for
incorporating production medicine into dairy

management, helping to optimize animal health and
farm practices. Beyond boosting productivity, this
approach fosters environmentally sustainable and
socially responsible farming. In the age of Al and
digital technologies, e-extension platforms should
serve as essential tools for enhancing milk
production efficiency, supporting ecological
stewardship, and reinforcing public trust in the dairy
sector.
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